Plants are sessile organisms that have developed, in the course of evolution, a powerful capacity to adapt to changes of the natural environment. Light, this extremely variable environmental factor, is used not only as the primary energy source, but also as an environmental cue to monitor changes in light quality and quantity including daily light/dark cycles, reflection from neighbouring plants or shading by the canopy. Several photoreceptor classes, which absorb from the ultraviolet (UV)B to near infrared wavelength, have evolved to monitor the quality, quantity and direction of the incoming light. UVB photoreceptor(s) have been characterized only by action spectroscopy (Beggs and Wellman 1994) . In contrast, genes encoding cryptochromes CRY1 and CRY2 (Cashmore et al. 1999) , and phototropins PHOT1 and PHOT2 (Sakai et al. 2001 ) absorbing UVA-blue, and phytochromes PHYA-PHYE (Clack et al. 1994) absorbing the red/far-red part of the spectrum have already been identified.
Phytochromes can be assigned to two, physiologically and spectrophotometrically distinct classes, namely type I, 'lightlabile' and type II, 'light-stable' phytochromes, which display different response modes of action. Type I phytochromes are responsible for the very low fluence rate response (VLFR) and the far-red high irradiance response (HIR). In contrast, type II phytochromes mediate the red/far-red reversible (low fluence rate, LFR) light response. In Arabidopsis, phyA corresponds to the 'light-labile' and phyB-phyE to the 'light-stable' phytochromes. Studies performed on single phy mutants have made it possible to disclose, at least partly, the role of each phytochrome species in mediating photomorphogenesis. Accordingly, phyA has a distinct function compared with all other phytochrome species: it mediates plant development under continuous far-red light (Whitelam et al. 1993) . PhyB, analysed as single mutant, appears to be the major phytochrome species triggering and controlling plant development under continuous red light irradiation (Somers et al. 1991) . PhyC is involved in photomorphogenesis throughout the life cycle of the plant and has a function similar to that of phyB; however, the phenotype of the phyC single mutant is dependent on phyB (Monte et al. 2003) . PhyD only has a weak function in the inhibition of hypocotyl growth. The Wassilewskija ecotype of Arabidopsis is a natural phyD mutant (Aukerman et al. 1997) , thus phyD is probably not essential in some natural environments. Finally, phyE plays a major role in adult plants: the phyE single mutant is mainly impaired in the shade avoidance response (Devlin et al. 1998) .
Arabidopsis phyB, phyD and phyE are more related to one another than to phyA or phyC, and phylogenetic analysis indicates that they have diverged recently (Mathews et al. 1995 , Mathews and Sharrock 1996 , Alba et al. 2000 . Thus, it is assumed that the differences in the biological activities of these phyB-related phytochromes are due to either their differential expression patterns or their capacity to activate specific cellular signalling mechanisms, or both. The expression patterns of phyB, phyD and phyE, however, are quite ubiquitous: they are expressed in nearly all tissues/organs relatively constitutively throughout the plant life cycle (Goosey et al. 1997, Sharrock and Clack 2002) . For instance, immunologically detectable phyB is present at approximately 7-fold higher levels than phyD and phyE in dark-grown seedlings and at about 1.5-to 2.5-fold higher levels in light-grown tissue (Sharrock and Clack 2002) . Moreover, in Arabidopsis, overexpression of phyD and phyE driven by the phyB promoter was insufficient to restore the hypocotyl growth responses of a phyB null mutant in red light (Sharrock et al. 2003a ). These results suggested that factors intrinsic to the apoproteins themselves, rather than their expression patterns, play the major part in determining the growth-regulatory activities of these phytochrome species.
It was shown that oat and rice phyA, and Arabidopsis phyB and phyC can interact with the endogenous mechanisms controlling phytochrome action in transgenic tobacco (Kay et al. 1989 , Halliday et al. 1997 . Thus, studying transgenic plants expressing various phytochromes is useful to establish systems for the in vivo functional analysis of these photoreceptors. In this study, we were interested in testing whether the heterologous AtPHYB:green fluorescent protein (GFP) and AtPHYD: GFP fusion proteins can also function as a red light photoreceptor in tobacco. To this end, first, the cauliflower mosaic vius 35S promoter (35S):AtPHYB:GFP transgene was expressed in the phyB-deficient Arabidopsis phyB-9 and tobacco hgl2 mutant (Hudson et al. 1997) as well as in wild-type Nicotiana plumbaginifolia. To define differences in the mode of action of the heterologous phyB proteins, the tobacco hgl2 mutant was also transformed with both chimeric genes. To see whether the biological function of NtPHYB:GFP is modified by the 35S promoter used, NtPHYB:GFP was also expressed under the control of its own promoter (Fig. 1A) . In all cases, the red light-induced inhibition of hypocotyl elongation was used as a test of biological functionality.
A large number of independent transgenic lines expressing the transgenes listed above were regenerated. To facilitate meaningful comparison of the red light response of transgenic lines expressing the NtPHYB and AtPHYB:GFP fusion proteins, the expression levels of 35S:AtPHYB:GFP and 35S: NtPHYB:GFP were compared by Western blot analysis in various genetic backgrounds. Lines in which the expression levels of the fusion proteins did not differ significantly were chosen for further studies (Figs. 1B, 2B ). We found that the hypocotyl length of transgenic phyB-9 Arabidopsis seedlings expressing AtPHYB:GFP grown in red light was nearly identical with that of the wild-type control but significantly shorter than that of the untransformed phyB-9 seedlings (Fig. 2C ). The fact that transgenic seedlings overexpressing AtPHYB:GFP displayed the same response as the untransformed wild type indicates that responsiveness at this red light intensity was probably saturated. Thus the effect of overexpressing phyB as AtPHYB:GFP in the wild type could only be manifested at lower light intensities.
Concerning tobacco, we demonstrated that the loss of responsiveness of the hgl2 mutant to red light can be rescued by expressing either the NtPHYB:GFP or the AtPHYB:GFP fusion protein. The hypocotyl length of the complemented transgenic seedlings was nearly identical to that of N. plumbaginifolia and significantly shorter than the untransformed mutant (Fig. 1C) . In addition, it was shown that when the expression level of phyB is identical in the various transgenic lines tested, the tissue/cell specificity of the promoters used in this study (35S vs. NTPHYB) does not significantly modify the biological function of phyB. Taken together, we demonstrate that the A. thaliana PHYB:GFP is biologically active in tobacco and it complements both the phyB-9 and hgl2 mutants, displaying loss of responsiveness in red light-controlled hypocotyl elongation.
Arabidopsis phyB and phyD have overlapping functions and display 80% identity at the protein level. Thus we tested whether AtPHYD:GFP displays the same biological activity as AtPHYB:GFP in tobacco and Arabidopsis. To this end, the AtPHYD:GFP fusion protein was expressed in wild-type Arabidopsis and N. plumbaginifolia and in the phyB-9 and hgl2 GFP fusion protein accumulation in total protein extracts prepared from 6-day-old light-grown seedlings. 1,Col wild type; 2, phyB-9; 3, AtPHYB:GFP in phyB-9. The arrow indicates the position of the expressed fusion protein. (C) Loss of red light-induced inhibition of hypocotyl elongation restored in AtPHYB:GFP-expressing seedlings. 1, 35S:AtPHYB:GFP in wild type; 2, 35S:AtPHYB:GFP in phyB-9, 3, phyB-9; 4, Col wild type. Hypocotyl length of 6-day-old seedlings was measured in response to continuous red light. Black and striped bars represent dark-and red light-grown seedlings, respectively. Values are the mean of three independent experiments; standard deviations were 1.6 and 1.9%, respectively. mutants. By using this experimental design, we repeated and corroborated the results published by Sharrock et al. (Sharrock et al. 2003a , Sharrock et al. 2003b ) and were also able to provide new information about the functionality of AtPHYD. In good agreement with data published by Sharrock et al. (Sharrock et al. 2003a , Sharrock et al. 2003b , it was found that AtPHYD:GFP was nearly inactive in restoring the hypocotyl growth response to red light in the phyB-9 Arabidopsis mutant. Surprisingly, however, we found that the expression of AtPHYD:GFP can restore the wild-type phenotype of the hgl2 mutant regarding red light sensitivity of hypocotyl elongation (Fig. 3C ). In order to avoid possible misinterpretation of the result due to varying levels of the AtPHYD:GFP protein in different transgenic lines, the expression level of the fusion protein was checked with phyD-specific antibody (Hirschfeld et al. 1998 ). Fig. 3B shows that the transgenic lines selected have identical levels of AtPHYD:GFP. However, at this expression level of the AtPHYD transgene and under the red light conditions used, the transgenic N. plumbaginifolia wild-type lines did not display an additive response as compared with that of the untransformed N. plumbaginifolia.
It has been reported that in Arabidopsis all phytochromes are transported into the nucleus in a light-dependent manner (Kircher et al. 2002) . We took advantage of the in vivo system that we established in Arabidopsis and tobacco to address the questions of whether (i) the functionality of the phytochrome depends on translocation into the nucleus; and (ii) the transport mechanism displays species-specific features. We found that transgenic Arabidopsis lines expressing AtPHYB:GFP showed transport of the fusion protein into the nucleus, independently of the background used (Fig. 4A) . The same result was obtained with transgenic lines expressing NtPHYB:GFP (Fig.  4B) . The translocation of NtPHYB:GFP and AtPHYB:GFP was also controlled by an red/far red reversible system, confirming previous data reported by Kircher et al. (1999) and Gil et al. (2000) : we found that both NtPHYB:GFP and AtPHYB:GFP are transported in a red light-dependent manner into the nucleus either in tobacco or in Arabidopsis. Similar results were obtained with AtPHYD:GFP. Fig. 4C , D shows that AtPHYD:GFP is also translocated into the nucleus in tobacco and Arabidopsis; nevertheless, it is functional only in tobacco as far as red light-controlled hypocotyl elongation is concerned (Fig. 3C) . We also found that in N. plumbaginifolia, AtPHYD:GFP did not form speckles; only diffusive staining of the nuclei was detectable under the light conditions used (Fig.  4D) . Taken together, the results of our microscopic and physiological studies indicate that (i) the molecular mechanism mediating phytochrome transport is evolutionarily conserved; and (ii) the translocation of phyD and possibly all phytochromes into the nucleus is necessary but not sufficient for biological activity.
These and data reported by Sharrock et al. (Sharrock et al. 2003a , Sharrock et al. 2003b ) firmly show that only AtPHYB or NtPHYB can restore the loss of phyB in Arabidopsis and suggest that the failure of phyD in rescuing the phyB-9 Arabidopsis mutant is due to the structure of its apoprotein rather than to its expression pattern or translocation into the nucleus. 
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Therefore, we hypothesize that, in contrast to phyBcontrolled signalling in Arabidopsis, in N. plumbaginifolia AtPHYD is likely to be able to initiate the NtPHYB1-dependent signalling cascade. A tentative model to explain this result is shown in Fig. 5 . We assume that the initiators of phyB and phyD signalling in Arabidopsis are significantly different, whereas the initiator of NtPHYB1 signalling in tobacco is flexible enough to recognize both AtPHYB and AtPHYD as cognate photoreceptors. Consequently, AtPHYD in the Arabidopsis phyB-9 mutant background cannot start the signal due to its inability to interact with the signal initiator, but in tobacco this initiator can adapt to the AtPHYD structure and start the signal cascade.
Independently of the exact mode of action, experiments presented herein raise an interesting point concerning the biological function of AtPHYD. We showed that the AtPHYD: GFP protein expressed in tobacco is functional (Fig. 3) , in contrast to Arabidopsis where the loss of phyB cannot be completely rescued by AtPHYD (Sharrock et al. 2003a , Sharrock et al. 2003b . It is well documented that phyB and phyD belong to the same gene family and derive from a gene duplication event in angiosperms (Alba et al. 2000) . Molecular phylogenetic evidence suggests that PHYB and PHYD in Arabidopsis and PHYB1 and PHYB2 in tomato arose from parallel independent events and the tomato phytochrome gene family is very close to that of tobacco (Mathews et al. 1995) . Furthermore, these phyB species in tomato and tobacco differ slightly from each other and from the phyB protein in Arabidopsis (Hauser et al. 1995) . The cross-complementation of Arabidopsis and tobacco phyB mutants by NtPHYB1 and AtPHYB demonstrates that these phytochromes can initiate the cognate phyB transduction signalling in a species-independent manner. The observation that loss-of-function mutants of phyB in these plant species cannot be complemented either by the endogenous AtPHYD or by NtPHYB2 indicates that the specificity of these phytochromes was altered by evolution after the gene duplication event. This conclusion is supported by the fact that even if AtPHYD is overexpressed in Arabidopsis, it is not able to rescue the phyB-9 mutant phenotype. Our data show that AtPHYD rescues the loss of NtPHYB1 and thus suggest that the specification of the phyB duplication event in Arabidopsis and tobacco differed to such a degree that the recognition site of AtPHYD remained similar enough to fit in the NtPHYB1 signalling cascade (Fig. 5) . Since PHYD is a close relative of PHYB and in tomato multiple PHYB species exist, it is possible that any phyB-related tobacco phytochrome, including NtPHYB1, is indeed PHYD rather than the tobacco equivalent of the Arabidopsis phyB (Adam et al. 1997) . Since NtPHYB1 appears to be a major red light photoreceptor in tobacco, it follows that the relative significance of phyB-and phyD-mediated signalling cascades in regulating development differs in these plant species. Our results support this hypothesis and outline a new experimental approach to elucidate the biological function of phyD in vivo.
Materials and Methods
All light sources used in this study including white, red and farred light, as well as the handling of irradiated plants have been described (Kircher et al. 1999) . For pulse irradiation, modified Leitz Prado 500 W universal projectors (Leitz, Germany) with Osram XEN- Fig. 5 Model for initiation of light signalling in tobacco and Arabidopsis. In tobacco, phyB1 and phyB2 signalling is mediated by two different signal initiators (SIs), B1-SI and B2-SI, respectively. B1-SI and B2-SI diverged to such a degree that they cannot interact with the endogenous N. plumbaginifolia phyB2 and phyB1, respectively. In Arabidopsis, phyB and phyD signalling is also mediated by phyB-specific (B-SI) or phyDspecific (D-SI) signal initiators and these factors again can only initiate the response by interacting with their cognate phytochrome partner. However, B1-SI of tobacco evolved in such a way that its structure allows interaction with AtPHYB and AtPHYD as well. This model explains (i) the failure of AtPHYD:GFP to complement the phyB-9 Arabidopsis mutant and (ii) the successful restoration of red light-induced inhibition of hypocotyl elongation of the hgl2 tobacco mutant with AtPHYB:GFP and AtPHYD:GFP fusion proteins.
OPHOT LONGLIFE lamps (Osram, Germany) were employed. Red light pulses were obtained by passing the light beam through a Balzers KG65 filter that has maximal transmission at 650 nm (band path 15 nm), whereas far-red light pulses were obtained by using an 8 mm thick RG9 cut-off filter (Schott, Germany), which has maximal transmission at 775 nm. Light intensity in both cases was 10 µmol m -2 s -1 .
Transgenic tobacco lines were generated in N. plumbaginifolia and hgl2 backgrounds (Hudson et al. 1997) . Transgenic tobacco seeds were grown on filter paper imbibed in water supplemented with gibberellic acid (GA; 1 : 1,000 dilution, stock solution 346.4 mg ml -1 , Sigma, Germany). After imbibition, the seeds were kept in darkness for 48 h at 4°C and next transferred to 25°C for an additional 5 d. Transgenic Arabidopsis lines were generated in the Wassilewskija ecotype. Transgenic Arabidopsis seeds were germinated for 18 h under white light and then grown at 25°C for 4 d in darkness. All the experiments described in the text were performed on 7-day-old etiolated seedlings. Hypocotyl lengths were measured manually, and standard errors of the mean values did not exceed 12%.
The strategy followed to construct the PHY:GFP fusion proteins was as described in Kircher et al. (1999) . The PHYB cDNA was modified by introduction of a unique XbaI restriction site in front of its ATG, and its stop codon was replaced by the insertion of a unique StuI restriction site. The PHYD cDNA was modified by the insertion of unique SmaI and BamHI restriction sites in front of its ATG, and the stop codon was replaced by insertion of a unique EheI restriction site. Both PHY PCR products were purified, digested with the appropriate restriction enzymes and cloned directly into the linker region of the modified pPCV812 binary vector. Before transfer into Agrobacterium tumefaciens, selected clones were partially sequenced across the junction regions of the PHY:mGFP4 fusion. Promoters driving the expression of the various transgenes, namely 35S (cauliflower mosaic virus) and NT (isolated from N. tabacum SRI) had been described in detail (Kircher et al. 1999 ). All DNA manipulations were performed as described by Scharrock and Quail (1989) . Polymerase chain reactions (PCRs) were carried out using the ProofSprinter polymerase system (AGS, Heidelberg, Germany).
The pPCV812 binary vectors containing the 35S:PHYB/D:GFP: NOS chimeric genes were transferred from Escherichia coli to A. tumefaciens GV3101. Transformation experiments were performed as described by Kircher et al. (1999) and Gil et al. (2000) . For each construct, we generated at least 15 independent transgenic lines. The selection of the transgenic plants was carried out on sterile medium containing hygromycin (15 µg ml -1 ). Selected, resistant lines were transferred to the greenhouse, where they were grown to maturation. Selected homozygous lines were propagated and the offspring were used in all experiments described.
For epifluorescent and light microscopy, light-treated seedlings were transferred to glass slides and analysed in an Axiovert microscope (Zeiss, Oberkochem, Germany). Excitation and observation of GFP were performed using standard isothiocyanate and GFP filter sets. For each experiment, five seedlings were used and the experiments were repeated independently three times. For every irradiation treatment, up to 20 different nuclei or cells were studied. Representative cells were documented by photography with an automatic Contax 167 MT camera containing 64T film (Kodak AG, Stuttgart, Germany) subsequently scanned in an LS-1000 scanner (Nikon, Tokyo, Japan) or in a digital Axiocam camera system (Carl Zeiss AG, Oberkochem, Germany). Photographs were processed for optimal presentation using Photoshop 5.0 (Adobe Systems Europe, Edinburgh, UK) and MS Office 97 (Microsoft, Seattle, WA, USA) software packages.
Crude protein extracts were prepared as described by Kircher et al. (1999) . Protein assays were performed as described by Popov et al. (1975) . Aliquots containing 30 mg of crude protein were separated on SDS-polyacrylamide gels (Laemmli 1970 ) and blotted to polyvinylpyrrolidone membranes (Boehringer, Mannheim, Germany), as described previously (Harter et al. 1993) . Immunodetection of AtphyB/D was performed using the specific monoclonal antibodies as primary (Hirschfeld et al. 1998 ), a peroxidase-coupled anti-mouse antiserum (Sigma-Aldrich) as secondary, and an alkaline-coupled anti-goat antibody.
